Metal-insulator transition in anisotropic disordered Anderson model with both topological and diagonal disorder is investigated numerically. For four sets of the model parameters we found the critical disorder and the critical exponent and prove that they do not depend on the transport direction. The system size independent critical conductance distribution P c (g) is found for each critical point. The form of P c (g) depends on the model parameters and on the direction of the transport. Arguments in favor of the one-parameter scaling are presented.
Introduction
Theoretical description of the metal-insulator transition (MIT), based on the scaling theory of localization [1] inspired detailed numerical studies of disordered electronic systems. Different physical models were considered with the aim to test universality of the MIT. Role of the model symmetry was studied in models with magnetic field [2, 3] and with the spin-orbit coupling [4] . Anisotropic models, in which transport properties depend on the direction, were analyzed in [5, 6, 7] for systems of weakly coupled planes and wires. The dependence of the critical disorder on the anisotropy parameters t has been calculated and the universality of the critical exponent ν has been verified. The scaling properties of highly anisotropic 2D system were analyzed in [8] .
In this Paper we study the anisotropic Anderson model in which, besides the diagonal disorder, also hopping terms between disordered planes are random. The model is defined by the Hamiltonian H = W n ε n |n >< n| + xy |x, y, z >< x + 1, y, z| + |x, y + 1, z >< x, y, z| + z t xyz |x, y, z >< x, y, z + 1| + h.c.
(
Here, n = (xyz) numerates sites in the 3D lattice. Parameter W measures the strength of the diagonal disorder. Homogeneously distributed random energies ε n , −1/2 < ε n < 1/2 represent the diagonal disorder. Topological randomness is introduced through the hopping terms t xyz between neighbor xy planes. t xyz are random with distribution
Hopping term within the xy planes are constant and equal to 1.
1 E-mail address: markos@savba.sk Model (1) exhibits the MIT for any nonzero diagonal disorder W . Its critical behavior is fully determined by the parameters p and t. Transport for zero diagonal disorder (W = 0) was investigated in [9] . Although no critical behavior was found (model remains metallic for any p, t > 0), the transport properties of this model strongly depend on the direction. In particular, the statistical properties of the conductance in the z-direction are more similar to that typical for insulating regime.
Our first aim is to show that the critical parameters do not depend on the direction we consider. For the quasi-one dimensional (Q1D) system we studied the scaling variable Λ(L, W ) [10] and found the critical parameters by the standard finite-size scaling method. In the direction parallel to the xy planes, we got very good estimation of the critical disorder W c and of the critical exponent ν. The analogical analysis for the perpendicular direction is more complicated, especially in the limit of strong anisotropy. Nevertheless, obtained data confirmed that the critical disorder is the same both in the direction perpendicular and parallel to the xy planes. This agrees with previous studies of anisotropic models without topological disorder [7] .
We analyzed also the statistical properties of transport at the critical point. Our results generalize the calculations of the critical conductance distribution P c (g) performed for isotropic systems [11, 12, 3, 13] . Calculations performed in different critical points of three-dimensional Anderson model as well as for two different 2D symplectic models [14] showed the universality of P c (g). In this work we show that the form of P c (g) depends on the model parameters (p, t) and also on the direction of the transport. Different values of the conductance in strongly anisotropic samples were found also for 2D systems and the identical conductivity distributions was obtained for the rectangular systems
We conjecture that the critical conductance distribution is the unique function of only one parameter, namely the critical parameter Λ c . Then the model parameter dependence of P c (g) does not contradict the idea of universality of MIT. Let us note that Λ c was the same in all critical points, for which the universal form of P c (g) was confirmed [14] . Here we also find two different critical points (refereed as C and D throughout the paper) with the same critical disorder W c and the same critical parameter Λ c . Consequently, their P c (g) are identical.
Quasi-one dimensional geometry
For studies of the transport in the x or y direction, we use the standard transfer matrix method developed for systems with diagonal disorder [15] . Considering the system of size L × L × L x with L x >> L we construct for each x the transfer matrix
x,x+1 0 0 1
where H x represents the Hamiltonian of the L 2 × L 2 slide with x-coordinate equal to x. Diagonal matrix V x,x+1 contains hopping elements between sites along the x directions which are equal to unity in this Paper. For given values of L and W we calculate the product
The eigenvalues of T are determined through Lyapunov exponents
The smallest positive Lyapunov exponent γ 1 determines the scaling parameter Λ :
[10]. This method cannot be used in the z-direction. The reason is that the elements of the hopping matrix V z,z+1 are zero with the probability 1 − p. Consequently, the inverse matrix V z,z+1 which enters (3) is singular. Therefore, we use the Green function G(E) = (E −H) −1 for which we applied the iterative scheme of MacKinnon [16] . The method is based on two equations: (6) and
In (6,7), H z is the Hamiltonian of the zs L 2 × L 2 slide, V z,z+1 represents hopping between slides z and z + 1 and G z α,β is the Green function of the Q1D system of the length z. Indices α, β numerate the slides in the z direction. For given α, β, G z α,β is L 2 × L 2 matrix; their indices numerate sites in the slides α and β.
Contrary to the transfer matrix method formulae (6,7) do not contain inverse of the matrix V z,z+1 . However, the disadvantage of the present method consists in the necessity to perform inversion of the L 2 × L 2 matrix in (7) at each iteration step. Scaling parameter Λ ⊥ is then defined as
From numerical values of Λ(L, W ), we calculate the critical disorder W c and the critical exponent ν [17] : firstly, for a given L we construct the logarithmic fit
As Λ c = Λ c (W c ) at the critical point does not depend on L, we found W c from the the linear relation of α L and β L :
Coefficients β L determine the critical exponent ν as Table 1 : Review of critical parameters founded in the present work for a given choice of model parameters (t, p). For critical points C and D we resigned to the calculations of the critical exponent ν from the perpendicular data. var g = g 2 − g 2 .
The length of the Q1D systems, necessary to achieve the required accuracy of Λ in the neighborhood of the critical point, is ∝ Λ −1 c . We required the 1%-accuracy of Λ. However, as Λ c decreases with decreasing t, (see Table 1 ), we were not able to assure this accuracy for all L and W in the strongly anisotropic samples, and we limited the length of the Q1D system by L x < 200.000. For perpendicular calculations we used L z = 40.000.
The W -dependence of Λ(L, W ) for different L are presented in Figs 1. and 2. Parameters p, t, for which the critical points were calculated together with the results obtained by the fitting procedure (9,10,11) are listed in Table 1 . While the data for the parallel direction provides us with very reliable critical parameters, those from the perpendicular direction are more difficult to analyze. The reason lies in the finite -size effects which are clearly pronounced for the critical points C and D. For D, we found non-monotonic L-dependence of Λ ⊥ (L). Thus, for W = 5 Λ ⊥ (L) decreases with L for small system size, as it is typical for the insulating regime. However, Λ ⊥ starts to increase only for L > 12. This L -dependence is caused by the second, (irrelevant) scaling parameter: Λ ⊥ (L) = aL 1/ν + bL β with β < 0 [18] . The estimation of the critical parameters is therefore more difficult than in the parallel direction and requires either numerical data for large enough L or more sophisticated fitting procedure [19, 18] . We resigned to more accurate estimation of the critical parameters from the perpendicular studies in the strongly anisotropic systems C,D. We only checked that the results obtained from the perpendicular studies converge to those from parallel direction when the considered system size grows. Nevertheless, scaling analysis for systems A and B gives satisfactory agreements of the critical disorder and the critical exponent for both the perpendicular and the perpendicular direction (Table 1 .) For these two critical points we confirm also that the critical parameter Λ c :
is universal. Its value, Λ c ≈ 0.58 agrees with that found in isotropic system [5] .
Conductance
We calculate the critical conductance distribution for the cubic systems of the size L × L × L. As both Λ c and Λ c⊥ differ from Λ c for isotropic system, it is reasonable to suppose that the form of P c (g) depends on the transport direction and also on the parameters of the model. For the parallel direction, the conductance is calculated as
where z i are defined as logarithm of the ith eigenvalue of the matrix T † T . [20, 11] .
In the parallel direction, Λ c grows with decreasing t. Critical conductance distribution for the models A, B, and C+D is presented in Fig. 3 . The Λ cdependence of the distribution is evident. In the critical points C and D we got the same distribution P c (g) as well as the same value of the critical parameter Λ c . It confirms that P c (g) is fully determined only by the critical parameter Λ c [12] . This conjecture is supported also by numerical data for the mean and variance of the conductance which are unique function of Λ c (Table 1. ).
We suppose that in the limit t → 0 the critical conductance distribution in the parallel direction converges to the Gaussian. Nevertheless, in difference to the metallic regime, the spectrum of z's which enters (13) is never linear. As it is seen in Fig. 4, z 2 i ∝ i. This square-root behavior observed in [11] for isotropic system is typical for 3D critical systems [21] .
Due to the singularity of the matrix V z,z+1 , discussed in the previous section, formula (13) cannot be used in the perpendicular direction. To calculate the log g we use the fact that Λ c⊥ << 1 for the critical points B,C and D. As z 1 = 2/Λ c , the critical conductance is very small and determined only by the contribution of the first channel:
The imaginary part η of the energy is given as bandwidth/mean level spacing [22] .
In Fig. 5 we present P c (log g) for the perpendicular direction and for the critical point C. The distribution has all features of the conductance distribution known from the localized systems: namely it is log-normal and
However, in difference to the insulating regime, P c (log g) is system size invariant. The relation (15) was also found in the critical points B and D.
Conclusion
We found critical parameters of the metal-insulator transition in disordered three dimensional anisotropic systems with topological disorder. Our data support the idea of the universality of the scaling theory of localization.
We presented the critical conductance distribution for some different critical points and discuss their form. Although P c (g) depends on the choice of the model parameters and on the transport direction, we believe that it does not contradict the one-parametric scaling theory. The form of the critical distribution seems to depend only on the actual value of the critical parameters Λ c .
Owing to the dramatic differences in the values of the critical conductance in parallel and perpendicular direction, the strongly anisotropic model exhibits on a given scale L curious transport properties. The conductance distribution slightly bellow the critical point in the perpendicular direction is log-normal. It imitates the statistical properties typical for the insulating regime. The similar statistical "anomaly" was described in [9] . However contrary to the insulating regime, the conductance grows with L. In the limit of very large L conductance distribution converges to the Gaussian. Analogical behavior can be found for the parallel direction slightly above the critical point. Thus, the L-dependence of g (or log g ) is the main criterion which determines the actual transport regime [1] . Table 1 . The meaning of symbols: 
